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What is claimed is: 

1. An amplifier comprising: 

• an input transconductor having an input terminal for receiving an input voltage to said 
amplifier and an output terminal, said input transconductor having a transconductance g mi that 

is a linear function of a first control signal; 

• an output circuit having an input terminal coupled to the output terminal of said input 
transconductor and an output terminal for supplying an output voltage of said amplifier, said 
output circuit having a transresistance wherein g mo is a linear function of a second 

£jj control signal, said amplifier having a voltage gain g^ /g mQ equal to the product of said 

transconductance and said transresistance and 

• a gain controller responsive to a gain control signal x for simultaneously providing said first 
control signal to said input transconductor and said second control signal to said output circuit, 
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ABSTRACT 



A variable gain amplifier includes an input transconductor 
having a transconductance that is variable in response to a 
first control signal, an output circuit having a transres istance 
that is variable in response to a second control signal and a 
gain controller responsive to a gain control signal x for 
providing the first and second control signals to the input 
transconductor and the output circuit. The amplifier has a 
voltage gain equal to the product of the transconductance 
and the transresi stance. When the first control signal is a 
function (1+x) of the gain control signal and the second 
control signal is a function (1-x) of the gain control signaL 
the voltage gain of the amplifier is approximately an expo- 
nential function of the gain control signal. 

24 Claims, 7 Drawing Sheets 
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i 

VARIABLE GAIN CMOS AMPLIFIER 

FIELD OF THE INVENTION 

This invention relates to variable g ain amplifiers and, 
more particularly, to a variable p ain CMOS amp lifier 
wherein the gain may be an exponent i al functio n of thn s *in 
control signal. 

BACKGROUND OF THE INVENTION 

Certain applications require a variable pain CMOS ampli- 
jier which has an exponential (linear in dJB) g ain control 
cha racteri stic over a prescribed range. The amplifier should 
be able to handle reasonably large signals with reasonably 
low distortion and have very JowJnpjuUioise. An example of 
an application is a variable gain amplifier for precondition- 
ing CCD signals in a camcorder, where the variable gain 
amplifier is used to maintain an acceptable signal level input 
to an analog-to-digital converter. 

In one prior art approach, a standard different! aLpaif with 
a variable tail curren t is used to drive a pair of diode- 
connected devices, also with v^iaj^le^iasj^urxejat. If the bias 
is arranged so that the current in one pair increases as the 
current in the other pair decreases, the resulting voltage g ain 
has the form: g ain=sqrt (?i+xy(l-x». This technique is 
described by R. Harjani in, **A Low-Power CMOS VGA for 
50 Mb/s Disk Drive Read Channels"* IEEE Transactions on 
Circuits and Systems — if; Analog and Digital Processing. 
Vol. 42, No. 6, Jun. 1995, pp. 370-376. Over a limited range, 
this expression is a good approximation to an exponential 
However, this design has drawbacks. Because current con- 
trol of transconductance is used, the g ain is limited bv the 
square r oot nature of the device_to.a-fairly small rang&. Also, 
the signal path linearity is not great unless large gate-to- 
sourcc voltages are used. 

As to linearity over a^large^igpal range, a linear large 
signal MOS transconductor is described by Z. Wang el al in 
**A Voltage-Controllable Linear MOS Transconductor Using 
Bias Offset Technique", IEEE Journal of Solid State 
Circuits, Vol. 25. No. 1, Feb- 1990. pp. 315-317. An analog 
multi plier which utilizes a linear MOS transconductor is 
described by Z. Wang in "A CMOS Four-Quadrant Analog 
Multiplier with Single-Ended Voltage Output and Improved 
Temperature Performance", IEEE Journal of Solid-State 
Circuits. Vol. 26, No. 9. Sep. 1991. pp. 1293-1301. The 
known prior art circuits do not satisfactionally meet the 
variable gain amplifier requirements outlined above. 

SUMMARY OF THE INVENTION 

According to the present invention, an amplifier com- 
prises an input transconductor and an output circuit. The 
input transconductor has an input terminal fox receiving an 
input voltage to the amplifier and an output terminal Hie 
input transconductor has a transconductance g^. The output 
circuit has an input terminal coupled, to the output terminal 
of the input transconductor and an output terminal for 
supplying an output voltage of the amplifier. The output 
circuit has a transxest stance l f/nd .The amplifier has a voltage 
.gai n gptfg^p equal to the product of the trans condQctaace^and 
the transresistance. The tiansconductence is a linear 
function of a first control signal* and g^, is a linear function 
of a second control signal. 

In a variable gain configuration, the input transconductor 
comprises a first variable gain transconductor, and the 
transconductance is variable in response to the first control 
signal supplied to the first variable gain transconductor. The 
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output circuit comprises a second variable gain transcon- 
ductor with feedback, and the transresistance is variable in 
response to the second control signal supplied to the second 
variable gain transconductor. The amplifier may further 

3 include a gain controller responsive to a gain control signal 
x for providing the first and second control signals. The gain 
controller may include means for generating the first and 
second control signals such that the voltage gain of the 
amplifier approximates an exponential function of the gain 

l0 control signaL More specifically, the gain controller may 
comprise means for generating a first function (1+x) of the 
gain control signal and for generating a second function 
(1-x) of the gain control signal. The first control signal 
comprises the first function (l+x), and the second control 
signal comprises the second function (1-x). When these 

15 control signals are applied to the first and second variable 
gain transconductors, the gain is an exponential function of 
the gain control signal x. 

In a preferred embodiment, the first and second variable 
gain transconductors each comprise an MOS amplifier stage 

20 having a transconductance that is a linear function of a 
variable control voltage. The first and second variable gain 
transconductors may each comprise first, second, third and 
fourth transistors, each having a gate, a drain and a source, 
a first voltage source coupled between the gates of the first 

25 and third transistors and a second voltage source coupled 
between the gates of the second and fourth transistors. 
Differential inputs are coupled to the gates of the first and 
second transistors. A first differential output is supplied by 
the drains of the first and fourth transistors, and a second 

30 differential output is supplied by the drains of the second and 
third transistors. The first and second voltages arc variable in 
response to one of the control signals to vary the transcon- 
ductance of the amplifier stage. 

In a first embodiment, the output circuit comprises a 

35 variable gain transconductor connected between the input 
and output terminals of the output circuit and a feedback 
circuit including a connection between the input and output 
terminals of the output circuit. The variable gain transcon- 
ductor and the feedback circuit implement a transresistor 

40 having variable transresistance. The variable gain transcon- 
ductor is responsive to the second control signal. 

In a second embodiment, the output circuit comprises a 
fixed gain amplifier connected between the input and output 
terminals of the output circuit and a feedback circuit indud- 

45 ing a variable gain transconductor connected between the 
output and input terminals of the output circuit The variable 
gain transconductor is responsive to the second control 
signal. 

In a third embodiment, the output circuit comprises a 
50 fixed gain transconductor and a first variable gain transcon- 
ductor connected in series between the input and output 
terminals of the output circuit. The first variable gain 
transconductor has a connection between its input and 
output and acts as a load for the fixed gain transconductor. 
35 The output circuit further comprises a feedback circuit 
including a second variable gain transconductor connected 
between the output and input terminals of the output circuit. 
The first and second variable gain transconductors are 
responsive to the second control signaL 

BRIEF DESCRIPTION OF THE DRAWINGS 
For a better understanding of the present invention, ref- 
erence is made to the accompanying drawings, which ar 
incorporated herein by reference and in which: 
65 FIG. 1 is a block diagram of a first embodiment of a 
variable gain amplifier in accordance with the present inven- 
tion; 
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FIG. 2 is a simplified schematic diagram of a linearized 
transconductor which may be used in the amplifier of the 
present invention; 

FIG. 3 is a simplified schematic diagram of the input 
transconductor and the output circuit shown in FIG. 1; 

FIG. 4 is a block diagram of a second embodiment of a 
variable gain amplifier in accordance with the present inven- 
tion; 

FIG. 5 is a block diagram of a third embodiment of a 
variable gain amplifier in accordance with the present inven- 
tion; 

FIG. 6 is a simplified schematic diagram of an implemen- 
tation of the variable gain amplifier shown in FIG. 5; 

FIG. 7 is a schematic diagram of an example of a circuit 
for implementing the input transconductor and the output 
circuit shown in FIG. 5; 

FIG. 8 is a schematic diagram of an example of a circuit 
for implementing the gain controller shown in FIG. 5; and 

FIG. 9 is a graph of a gain in dB as a function of control 
voltage for the variable gain amplifier shown in FIGS. 7 and 
8. 

DETAILED DESCRIPTION 

A block diagram of a variable gain amplifier in accor- 
dance with the invention is shown in FIG. 1. An amplifier 
input voltage V, is supplied to an input terminal 12 of a 
variable gain input transconductor 10 having a transconduc- 
tance g^. An output terminal 14 of transconductor 10 is 
connected to an input terminal 16 of an output circuit 20. An 
output terminal of circuit 20 is connected to an amplifier 
output 26. In the example of FIG. 1. output circuit 20 
includes a variable gain transconductor 22 haviog an input 
connected to the output terminal 14 of transconductor 10 and 
an output terminal that supplies an output voltage V 0 on 
output 26. The output circuit 20 further includes a feedback 
circuit 24 that couples the output voltage of transcon- 
ductor 22 back to the input terminal 16 of circuit 20. In the 
example of FIG. 1, the feedback circuit 24 is a direct 
connection between the input and output terminals of vari- 
able gain transconductor 22. The variable gain transconduc- 
tor 22 has a transconductance g^. The output circuit 20 has 
a transfer function and functions as a load for the input 
transconductor 10. More particularly, me transconductor 22 
with feedback functions as a resistor having a resistance 
17gmo* that is variable A gain controller 30 receives a gain 
control signal x and supplies a first control signal C, to 
variable gain transconductor 10 and a second control signal 
C a to variable gain transconductor 22. The transconductance 
of each of the transconductors 10 and 22 may be variable in 
response to the respective control signals C, and C a . 
However, in a particular application, the transconductors 10 
and 22 may have fixed transconductanocs. 

The voltage gain of the amplifier shown in FIG. 1 is given 
by: 

A*=V/V,=^u/g_ (1) 

The transconductance of each of the variable transcon- 
ductors 10 and 22 is a linear function of the respective 
control signals Q and C 0 . The transcooductances of the 
variable transconductors 10 and 22 can be expressed as: 

8-J=K<<l+*> (2) 

g~=K>0-*) (3) 
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where K< and are constants, and x is the gain control 
signal. The gain is then given by: 

The gain A a approximates an exponential fuactioo of the 
control signal x. Thus, by generating appropriate control 
signals C t and C 0 . the voltage gain of the amplifier is an 
exponential function of the gain control signal x so long as 

to x is between -1 and +i. 

A simplified schematic diagram of a linearized transcon- 
ductor is shown in FIG. 2. Differential inputs int and inc are 
connected to the gates of transistors 40 and 42. respectively. 
The gates of transistors 44 and 46 are offset in voltage from 

15 the gales of transistors 40 and 42, respectively, by a voltage 
V^. The drains of transistors 42 and 44 are connected 
together and provide an output outt.The drains of transistors 
40 and 46 are connected together and provide an output outc. 
The sources of transistors 40, 42. 44, and 46 are connected 

20 to a current source 48. When the voltage Vp is relatively 
large, transistors 40 and 42 carry all the current, and the 
transconductance is that of a simple differential pair. As 
voltage W B is decreased, transistors 44 and 46 carry more 
current and decrease the net transconductance of the circuit. 

25 At V^saO, the transconductance goes to zero if all the 
transistors are the same size The transconductance is given 
by &r=KV B until the transistors 44 and 46 begin to turn off. 
The transconductor circuit shown in FIG. 2 has the addi- 
tional benefit that it is linearized to operate over a larger 

30 signal range than a simple differential pair and has a linear 
relation between transconductance and the voltage V c . 

The differential current output of the transconductor 
shown in FIG. 2 can be supplied to a similar diode- 
connected stage acting as a load. A simplified schematic 

35 diagram of this configuration is shown in FIG. 3. Like 
elements in FIGS. 2 and 3 have the same reference numerals. 
Transistors 40. 42. 44 and 46 correspond to input transcon- 
ductor 10 shown in FIG. 1. Transistors 50. 52. 54 and 56 
correspond to output circuit 20 shown in FIG. 1. The 

40 transconductance of input transconductor 10 is a linear 
function of control voltage V^. and the transconductance 
g^ of output circuit 20 is a linear function of control voltage 
V BB . Output outc is connected to the drains of transistors 52 
and 54 and to the gate of transistor 52. Output outt is 

45 connected to the drains of transistors 50 and 56 and to the 
gate of transistor 50. The sources of transistors 50. 52. 54 
and 56 are connected to a fixed voltage, such as ground. In 
the output circuit 20. a feedback circuit connects the drain 
and gate of transistor 50 and the drain and gate of transistor 

so 52. corresponding to the feedback circuit 24 shown in FIG. 
1. 

By varying control voltages and \ BB in an appro- 
priate manner, the exponential control function represented 
by equation (4) can be obtained. When the control voltage 

55 V BB is fixed, a simple linear control characteristic is 
obtained. When the control voltage V flF is fixed, a 1/x 
control characteristic is obtained. The gain of the circuit 
shown in FIG. 3 is given by K,. V^^c/K^V^, where and 
Kg are constants. 

60 A block diagram of a second embodiment of the variable 
gain amplifier of the present invention is shown in FIG, 4. 
Like elements in FIGS. 1 and 4 have the same reference 
numerals. An output circuit 70 is connected between output 
terminal 14 of input transconductor 10 and output 26 of the 

65 amplifier. The output circuit 70 includes a fixed gain ampli- 
fier 72 having an input connected to terminal 14 and an 
output connected to output 26. The output circuit 70 further 



5/75 

5 

includes a variable gain transconductor 74 in a feedback 
configuration. The input of transconductor 74 is connected 
to the output of amplifier 72, and the output of transcon- 
ductor 74 is connected to the input of amplifier 72. The gain 
controller 30 provides control signal 0 o to variable gain 
transconductor 74. 

The embodiments shown in FIGS. 1 and 4 provide 
generally satisfactory performance. However* in both 
embodiments, the bandwidth is a function of the transcon- 
ductance of the output circuit 20 or 70. Thus, when the 
tiansconductance of the output circuit is changed the band- 
width of the amplifier is changed. 

A block diagram of a third embodiment of the amplifier, 
which overcomes the above drawbacks, is shown in FIG. 5. 
Like elements in FIGS. I and 5 have the same reference 
numerals. An output circuit 100 has an input terminal 
connected to output terminal 14 of transconductor 10 and an 
output terminal connected to output 26 of the amplifier. The 
output circuit 100 includes a fixed gain transconductor 102 
and a variable gain transconductor 104 connected in series 
between terminal 14 and output 26. More particularly, fixed 
gain transconductor 102 has an input connected to terminal 
14 and an output connected to the input of variable gain 
transconductor 104. The output of variable gain transcon- 
ductor 104 is connected to output 26. A feedback connection 
106 connects the input and the output of transconductor 104. 
A feedback circuit of the output circuit 100 comprises a 
variable gain transconductor 110 having an input connected 
to amplifier output 26 and an output connected to terminal 
14. The variable gain transconductors 104 and 110 each 
receive control signal C 0 from gain controller 30. 

A simplified schematic diagram of the variable gain 
amplifier of FIG. 5. with the gain controller 30 omitted, is 
shown in FIG. 6. Like elements in FIGS. 5 and 6 have the 
same reference numerals. Variable gain transconductors 
10.110 and 104 are shown as having differential inputs and 
outputs in FIG. 6. Feedback connection 106 of FIG. 5 is 
shown as differential feedback connections 106A and 106B 
in FIG. 6. The fixed gain transconductor 102 is implemented 
as transistors 120 and 122 v and current mirrors 124 and 126. 
Current mirror 124 includes a transistor 130 having its drain 
connected to the drain of transistor 120 and a transistor 132 
having its drain connected to one input/output of variable 
gain transconductor 104. Similarly, current mirror 126 
includes a transistor 134 having its drain connected to the 
drain of transistor 122 and a transistor 136 having its drain 
connected to the other input/output of variable gain 
transconductor 104. The gates of transistors 130 and 132 are 
connected together and are connected to the drain of tran- 
sistor 130. The gates of the transistors 134 and 136. are 
connected together and are connected to the drain of tran- 
sistor 134. Current sources 140 and 142 are connected to the 
differential outputs of transconductor 10, respectively. Cur- 
rent sources 144 and 146 are connected to the differential 
inputs/outputs of transconductor 104, respectively. 

In the configuration of FIGS. 5 and 6, the impedance at 
the output of input trans conductance 10 is decreased com- 
pared to the embodiment of FIG. 1. The current of transcon- 
ductance 110 is servoed to match the differential current 
from the input transconductor* Th transconductor 104 is 
connected as a simple diode. The purpose of transconductor 
104 is to keep the gain of the loop constant as Che transcon- 
ductances are varied. In contrast to the configuration f FIG. 
1, the diode connected transconductor 104 does not create 
the output voltage. Instead, it merely loads the feedback 
loop. The output voltage is created by the servo action of the 
feedback loop and is thus much more accurate. 
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A schematic diagram of an example of a circuit imple- 
mentation of the variable gain amplifier of FIGS. 5 and 6 is 
shown in FIGS. 7 and 8. The input transconductor 10 and the 
output circuit 100 are shown in FIG. 7. and the gain 

5 controller 30 is shown in FIG. 8. Like elements in FIGS. 5-8 
have the same reference numerals. The amplifier circuit of 
FIGS. 7 and 8 may be fabricated using a standard CMOS 
process. Transistors 200, 202. 204. 206. and 208. and 
resistors 210 and 212 implement the linearized variable gain 

10 input transconductor 10. as shown in FIG. 3 and described 
above. Transistors 200. 202. 204 and 206 correspond gen- 
erally to transistors 40. 42, 44 and 46. respectively, and 
transistor 208 corresponds to current source 48. Resistor 210 
is connected between the gates of transistors 200 and 204. 

15 and resistor 212 is connected between the gates of transistors 
202 and 206. The control voltage for the input transconduc- 
tor is developed across resistors 210 and 212. The gate of 
transistor 200 is coupled through transistors 220 and 222 to 
a supply voltage VDD. and die gate of transistor 204 is 

20 coupled through transistors 224 and 226 to a supply voltage 
VSS. Similarly, the gate of transistor 202 is coupled through 
transistors 230 and 232 to supply voltage VDD. and the gate 
of transistor 206 is coupled through transistors 234 and 236 
to supply voltage VSS. A control voltage applied to the 

25 gates of transistors 222 and 232 and a control voltage 
applied to the gates of transistors 226 and 236 vary the 
currents through resistors 210 and 210. The variable volt- 
ages across resistors 210 and 212. which correspond to 
control voltage shown in FIG. 3 and described above. 

30 cause a variation in die transconductance of the input 
transconductor 10. Thus, resistors 210 and 212 develop the 
variable control voltage for the variable gain transcon- 
ductor 10. 

Transistors 250. 252. 254 and 256 implement the variable 

35 gain feedback transconductor 110 shown in FIGS. 5 and 6. 
The circuit configuration corresponds generally to the output 
circuit shown in FIG. 3 and described above. A resistor 258 
is connected between the gates of transistors 250 and 252. 
and a resistor 260 is connected between the gates of tran- 

40 sistoxs 254 and 256. Resistors 258 and 260 develop the 
variable control voltage V^, (FIG. 3) for variable gain 
transconductor 110, Transistors 270. 272. 274 and 276 
implement the variable gain transconductor 104 shown in 
FIGS. 5 and 6. The circuit configuration likewise corre- 

45 sponds generally to the circuit configuration of the output 
circuit shown in FIG. 3 and described above. 

A resistor 278 is connected between the gates of transis- 
tors 252 and 272; a resistor 280 is connected between the 
gates of transistors 250 and 270; a resistor 282 is connected 

so between die gates of transistors 254 and 274; and a resistor 
284 is connected between the gates of transistors 256 and 
276. The gate and drain of transistor 270 are coupled through 
transistors 290 and 292 to supply voltage VDD. The gate of 
transistor 272 is coupled through transistors 294 and 296 to 

55 supply voltage VSS. Thus, me current through resistors 278. 
258. and 280 is controlled by transistors 290. 292. 294 and 
296. More specifically, the current through resistors 278. 
258. and 280 is controlled by a control voltage applied 
to the gate of transistor 292 and a control voltage V^ applied 

60 to the gate of transistor 296. Similarly, the gate and drain of 
transistor 274 are coupled through transistors 300 and 302 to 
supply voltage VDD. and the gate of transistor 276 is 
coupled through transistors 304 and 306 to supply voltage 
VSS. The current through resistors 282. 260 and 284 is 

65 controlled by the control voltage Vpb applied to the gate of 
transistor 302 and the control voltage V^ applied to the gate 
of transistor 306, By controlling the currents through resis- 
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tors 278, 2&Q. 282, 260 and 2&4 4 the ixanwconduetanees 
of variable gain trans conductors 104 and 110 (FEOS. 5 and 
6) arc controlled. 

Resistors 273. 280. 282 and 2&4 in the variable gain 
traiisconductor 104 (FIGS. 5 and 6) make the diode- 3 
connected trausconductoj vary farter than the feedback 
transconduetar 110. Tiiis produces more constant dynamics 
as Che gain is changed. 

The sources of transistors 272^ 252* ISO. 270, 130, 
132,136.134, 274, 254. 256 and 276 are connected lo [he 10 
supply voltage V5S. Trans (store 310 and 212 correspond to 
current source 140 shown in FIG. 6. and transistors 314 and 
316 correspond ro current source 142 shown in FIG. 6. 
Transistors 320 and 322 correspond to current soucre 144 
Shown in llG. 6, and transistor? 324 and 32tf correspond to 1 5 
current source 146 shown in 1'IG. €. The differential outputs 
of output circuit 100. including output ouf t on line 106B and 
output outc on tine TO* A, are supplied lo a source follower 
circuit 330 for increased output drive. 

A schematic diagram of aa example of a gain controller 20 
circuit for implementing an exponential gain control char- 
acteristic is shown in FIG. 8. The circuit receives the gain 
control signal K and sullies contra! signals 
and to the corresponding control linos in the circuit of 
FIG, 7» The control signals V^and control the gain of 25 
the input tr&usconductor 1ft and are proportional to 
Trie control signals and control the gain of output 
circuit 100 and ure proportional to (1-x). This provides an 
overall exponential gain control characteristic of the form 
given by equation (4) and described above. 30 

Referring to FIG. 8* the gain control signal x is supplied 
through a resistor 348 to a unity gain differential amplifier 
which includes transistors 352 and 354. The gain control 
signal x. is applied to the gale of transistor 354, and a 
reference voltage is applied to the gate of transistor 352. The is 
gain contrjof signal x and the gate of transistor 354 are 
connected to a node 3SO. Transistor* 356 and 358 form a 
fixed current source 368 which is connected to node 350. 
Series-connected transCstors 370 and 372 supply current to 
node 350. The sum of the gate control current through *n 
resistor 34$ nnd the current through transistors 370 and 372 
equals the fixed current of current source 368. Thus, as the 
current supplied to node 350 by Ihe gain control signal x 
increases, the current through transistors 370 and 372 
decreases ia artier to maintain a fixed current through 4S 
current source 363. In addition, the voltage sal the gate of 
transistor 370 decreases as the gain control signal increases. 
Hie control signal V^. Is connected to the gate of transistor 
370. A current l u through transistors 3*2. 384. 386 and 388 
is controlled by the control signal at the gate of transistor 5u 
382 and is proportional to where x is the gain control 

signal* The control signal is obtained from the gate of 
transistor 3$£. Transistors 3SN> and 392 arc connected ia the 
same manner as transistor* 382 and 3A4< respectively, and 
supply a current to a current source defined by transistors 55 
394 and 396. Tra agistors 398 and 400 also supply a current 
fo the current source defined by transistors 394 and 39& The 
current supplied by transistors 39$ and 400 is mirrored into 
transistors 402 and 404. The control voltage V^is obtained 
from the gates of transistors 398 and 402. A current if go 
Huongh transistors 402 and 402 i& supplied to transistors 406 
and 408 and is proportional to (l+x).Thc control voltage 
is taken from the gate of transistor 408. As indicated above 
the control signals V^and control the gHin of the input 
transconduetar 10, and the control signals and Vy* 6s 
control the gain of output circuit 100 to provide an expo- 
nential gain control characteristic. It resistor 348 is Ihe same 
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material as the V ff resistors in the Iransconductors (such as 
resistors 210 and 212 in input transoondtictor 10 and resis- 
tors 278, 258. 280. 282. 260 and 2S4 in output circuit 100y 
the resulting gain control characteristic is independent of 
process variations and temperature. 

A graph of gain in dD as a function of control voltage for 
Ihe amplifier circuit Of FIGS. 7 an J 8 is shown in FIG, 9, The 
control characteristic, indicated hy curve 520- is relatively 
linear for the control voltage range of about 0.5 volt* to 2,5 
volts, indicating an exponential characteristic. 

While there have been shown and described what are ul 
present considered the preferred embodiments of the. 
invention, it wUI he. apparent to those skilled in the art that 
various changes and modifications can be made herein 
without departing from the scope of the invention as defined 
by Ihe appended claims. 

What is claimed is; 

1. An amplifier comprising: 

an input rransconduclor having an input tormina! for 
receiving an input voltage to said amplifier and an 
output terminal, said input trans conductor having a 
transconductance g„ w thai is a linear function of a first 
control signal; 

an output circuit having ail input icxminal coupled to the 
output terminal of said Input tratisconducijOT and an 
output terminal for supplying an output voltage of said 
amplifier, said output circuit having a transresistance 
l^S»fco- wherein g^, is a linear function of a second 
control signal, said amplifier having a voltage gain 
8r*/gw «qual lo the product of said transconductanoe 
and said transresistance and 

a gain controller responsive to a gain control signal x for 
simultaneously providing said first control signal to 
said Input transconduetar and said second control sig- 
nal to said output circuit, so that the transconductancc 
g^ of said input transconductor and the transresistance 
Ifeiro uf said output circuit arc simultaneously con- 
trolled by said gain control signal* 

2. An amplifier as defined in claim I wherein said input 
transoonductur comprises a first variable gain transconduc- 
lor and said tta ^conductance is variable in response to said 
first control signal supplied to said first variable gain 
transconduetar, and wherein said output circuit comprises a 
second variable gain transconduetar with feedback and said 
transresistance is variable in response to said second control 
signal supplied to said second variable gain transconductor. 

3- An amplifier as defined iD claim 1 wherein said gain 
controller includes means for generating said first and sec- 
ond control signals such thai Che voltage gain of said 
amplifier approximates an exponential function of said gain 
control signal. 

4- An amplifier as defined in claim 1 wherein said gain 
controller compri&eR means for generating a first function 

of said gain control signal and for generating a second 
function (!-*) of said gain control signal, said first control 
signal comprising said first function (1+x) and said second 
control signal comprising said second ttmctjon (1~-x). 

5. An amplifier as defined j n claim 2 wherein said first and 
second variable gain trans conductors each comprise an 
MOS amplifier stage having a transcooductance that Cs a 
linear function of a variable contra] voltage. 

6. An ampliiicr as defined in claim 2 wherein said first and 
second variable gain trajae> conductors each comprise first, 
second, third and fourth transistors, each having a gate, a 
drain and a source, a first voltage source coupled between 
Ihe gates of said first and third transistors and a second 
voltage source coupled between the gates of said second and 
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fourth transistors, wherein differential inputs are coupled to 
the gates or said first and second transistors, wherein a first 
differential output is supplied by the drains of said first and 
fourth transistors, wherein a second differential output is 
supplied by the drains of said second and third transistors 
and wherein said first and second voltage sources are 
variable in response to one of said control signals. 

7. An amplifier as defined in claim 1 wherein said output 
circuit comprises a variable gain transconductor connected 
between the input and output terminals of said output circuit 
and responsive to said second control signal, and a feedback 
circuit including a connection between the input and output 
terminals of said output circuit. 

8. An amplifier as defined in claim 1 wherein said output 
circuit comprises a fixed gain amplifier connected between 
the input and output terminals of said output circuit and a 
feedback circuit including a variable gain transconductor 
connected between the output and input terminals of said 
output circuit and responsive to said second control signal. 

9. An amplifier as defined in claim 1 wherein said output 
circuit comprises a fixed gain transconductor and a first 
variable gain transconductor connected in series between the 
input and output terminals of said output circuit, said first 
variable gain transconductor having a feedback connection 
between its input and its output, said output circuit further 
comprising a feedback circuit including a second variable 
gain transconductor connected between the output and input 
terminals of said output circuit, said first and second variable 
gain transconductors being responsive to said second control 
signal. 

10. An amplifier as defined in claim 9 wherein said gain 
controller includes means for generating said first and sec- 
ond control signals such that the voltage gain of said 
amplifier approximates an exponential function of said gain 
control signal 

11. A variable gain amplifier cornprising: 

an input transconductor having an input terminal for 
receiving an input voltage to said amplifier and an 
output terminal, said input transconductor having a 
transconductance that is a linear function of a first 
control signal supplied to said input transconductor; 

an output circuit having an input terminal coupled to the 
output terminal of said input transconductor and an 
output terminal for supplying an output voltage of said 
amplifier, said output circuit having a transresistancc 
that is variable in response to a second control 
signal supplied to said output circuit, wherein is a 
linear function of said second control signal, said 
amplifier having a voltage gain g^g^ equal to the 
product of said transconductance and said transresis- 
tancc; and 

a gain controller responsive to a gain control signal x far 
simultaneously providing said first and second control 
signals to said input transconductor and said output 
circuit, respectively, so that the transconductance of 
said input transconductor and the transresistancc 1/g^ 
of said output circuit are simultaneously controlled by 
said gain control signal. 

12. A variable gain amplifier as defined in claim 11 
wherein said gain controller comprises a circuit for gener- 
ating a first function ( i+x) of said gain control signal and for 
generating a second function (I— x ) of said gain control 
signal said first control signal cornprising said first fundi n 
(1+x) and said second control signal comprising said second 
function (1+x) , wherein the voltage gain of said amplifier is 

•nnrnvmn^^i *n /nrfv\nAn1 iol function of CUtH OMD n%t\tTrA 
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13. A variable gain amplifier as defined in claim 11 
wherein said input transconductor comprises a first variable 
gain transconductor responsive to said first control signal 
and wherein said output circuit comprises a second variable 
gain transconductor with feedback and responsive to said 
second control signal. 

14. A variable gain amplifier as defined in claim 13 
wherein said first and second variable gain transconductors 
each compose an MOS amplifier stage having a transcon- 
ductance that is a linear function of a variable control 
voltage. 

15. A variable gain amplifier as defined In claim 13 
wherein said first and second variable gain transconductors 
each comprise first, second, third and fourth transistors* each 
having a gate, a drain and a source, a first voltage source 
coupled between the gates of said first and third transistors 
and a second voltage source coupled between the gates of 
said second and fourth transistors, wherein differential 
inputs are coupled to the gates of said first and second 
transistors, wherein a first differential output is supplied by 
the drains of said first and fourth transistors, wherein a 
second differential output is supplied by the drains of said 
second and third transistors and wherein said first and 
second voltage sources are variable in response to one of 
said control signals. 

16. A variable gain amplifier as defined in claim 15 
wherein said first voltage source comprises a first resistor 
connected between the gates of said first and third transistors 
and first means responsive to said one of said control signals 
for supplying a Hist variable current through said first 
resistor and wherein said second voltage source comprises a 
second resistor connected between the gates of said second 
and fourth transistors and second means responsive to said 
one of said control signals for supplying a second variable 
current through said second resistor. 

17. A variable gain amplifier as defined in claim 11 
wherein said output circuit comprises a variable gain 
transconductor connected between die input and output 
terminals of said output circuit and responsive to said second 
control signal, and a feedback circuit including a connection 
between the input and output terminals of said output circuit 

18. A variable gain amplifier as defined in claim 11 
wherein said output circuit comprises a fixed gain amplifier 
connected between the input and output terminals of said 
output circuit and a feedback circuit including a variable 
gain transconductor connected between the output and input 
terminals of said output circuit and responsive to said second 
control signal. 

19. A variable gain amplifier as defined in claim 11 
wherein said output circuit comprises a fixed gain transcon- 
ductor and a first variable gain transconductor connected in 
scries between the input and output terminals of said output 
circuit, said first variable gain transconductor having a 
feedback connection between its input and its output* said 
output circuit further cornprising a feedback circuit includ- 
ing a second variable gain transconductor connected 
between the output and input terminals of said output circuit, 
said first and second variable gain trans cob due tors being 
responsive to said second control signal 

20. An amplifier as defined in claim 8 wherein a feedback 
loop comprising said fixed gain amplifier and said variable 
gain transconductor has a loop gain that is variable as a 
function of said second control signal. 

2L An amplifier a s defined in daim 9 wherein a feedback 
loop comprising said fixed gain transconductor. said first 
variable gain transconductor and s aid second variable gain 
franciYwdnrtftr tufc* a lorm train that is constant as a function 



5/757; 

11 

22* A variable g«in amplifier as defined in claim 18 
wherein a feedback loop comprising said fixed gain ampli- 
fier and said variable gain transconductor has a loop gain 
that is variable as a function of said second control signal. 

23. A variable gain amplifier as defined in claim 19 5 
wherein a feedback loop comprising said fixed gain 
transconductor. said firbt variable gain transconductor and 
said second variable gain trans conductor has a loop gain that 

is constant as a function of said second control signal. 

24, A variable gain amplifier comprisiog: io 
an input transconductor having an input terminal for 

receiving an input Voltage to said amplifier and an 
output terminal, said input tr&cisconduclor having a 
tran ^conductance g^- that is a fu net ton of a first control 
signzil supplied to said input transconductor; I* 
an output circuit ha v Jog an input terminal coupled Lo (he 
output terminal of said input transconductor and an 
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output terminal for supplying an output voltage of said 
amplifier, said output circuit having a transres istance 
L/g^ that is variable in response to a second control 
signal supplied to said output circuiu wherein ^ is a 
function of said second control signal, said Amplifier 
having a voltage gain g^/g^, equal to the product of 
said tran ^conductance and said transresistance; and 
a gain controller responsive to a gain control signal x for 
simultaneously providing said first and second control 
signals to stud input uansconductor and said output 
circuit, respectively, so mat the Irunsconductance of 
said input transconductor and the traTisresi stance Ug^ 
of said output circuit are siinultancously controlled by 
said gain control signal. 



